Purpose: To investigate the novel application of tissue microarray (TMA) technology to corneal disease and to report altered protein expression of senescence-associated cyclin-dependent kinase inhibitors p21 and p16 in Fuchs endothelial corneal dystrophy (FECD).
Methods: A TMA including 208 cores was generated from paraffinembedded tissues, including corneal buttons of 50 FECD and 5 keratoconus patients retrieved after penetrating keratoplasty, 10 autopsy globes with nonpathologic corneas, and nonocular control specimens. TMA sections were immunolabeled for p21 and p16 and analyzed using a 9-grade scoring system (0-8). Result validation was performed by immunolabeling of individual whole tissue sections. Corneal endothelial p21 and p16 expression levels in FECD specimens compared with controls served as main outcome measures.
Results: TMA immunohistochemical analysis disclosed increased endothelial expression levels of nuclear p21 in FECD specimens (P , 0.05) and an altered endothelial p16 expression pattern. Immunolabeling of whole tissue sections showed statistically significant endothelial overexpression of both proteins (p21 and p16, P , 0.05).
Conclusions:
The present study introduces TMA technology as a valuable tool for molecular high-throughput profiling of corneal tissues. It demonstrates p21 and p16 overexpression in the corneal endothelium of genetically undifferentiated FECD patients supporting a role of cellular senescence in the pathogenesis of FECD.
Key Words: Fuchs dystrophy, tissue microarray, cyclin-dependent kinase inhibitor (Cornea 2013; 32:473-478) F uchs endothelial corneal dystrophy (FECD) is characterized by a progressive decrease of endothelial cell density and a thickening of Descemet membrane with the formation of focal excrescences called guttae. In end-stage FECD corneas, the decreasing ability of the endothelium to act as a pump and a barrier is no longer sufficient to maintain corneal deturgescence, resulting in vision impairing corneal edema.
Prolonged periods of subcytotoxic stress may cause "stress-induced premature senescence" (SIPS), a state of permanent cell cycle arrest and decreased cellular function, in cells from various tissues. 1,2 Senescent cells may negatively influence tissue homeostasis by exhibiting an altered gene expression and production of inappropriate molecules disturbing the cellular microenvironment. 3 SIPS occurs independently from senescence because of telomere shortening. Increased endoplasmic reticulum stress and oxidative stress have been identified as potential pathogenetic key factors in FECD. [4] [5] [6] [7] [8] This suggests that increased endothelial SIPS may also occur in FECD.
Human corneal endothelial cells (CECs) are arrested in G1 phase and do not normally undergo cell division in vivo. 9, 10 However, they may be propagated in vitro. 9, 10 The presence of an increased proportion of CECs with important features of premature senescence has been demonstrated in the central endothelium of normal corneas from older donors. 11 This finding was attributed to an accumulation of endothelial oxidative stress and DNA damage in the long-term stress-exposed normal corneal tissue. 12, 13 In this context, it was also assumed that overexpression of the cyclin-dependent kinase inhibitors (CDKIs) p16 and p21 may be, at least in part, responsible for the reduced proliferative response of senescent CECs in vitro. 11 P21 and p16 represent important biomarkers of cellular senescence (including SIPS) and aging.
Tissue microarray (TMA) technology, as first described by Kononen et al, 14 is a powerful technique for high-throughput molecular profiling of prefixed tissue samples. Multiple cylindrical cores from different "donor" tissue blocks are united in a single "recipient" block and may be investigated simultaneously on one tissue section. 15 Thus, a larger number of separate patient tissue samples can be experimentally processed as a single procedure, thereby greatly reducing time, resources, and experimental variability associated with processing samples individually. TMAs have been widely used for studying a variety of human cancers but also nonneoplastic entities like neurodegenerative or inflammatory disorders. 16 However, to our knowledge, TMAs have not yet been applied to the study of corneal diseases.
The present study sought to apply for the first time a TMA approach to investigate an abundance of the CDKIs p21 and p16 in a large number of human FECD and control samples and to provide further evidence for a pathogenetic role of increased cellular senescence in FECD.
METHODS

Human Tissue
This study was approved by The Johns Hopkins University School of Medicine Institutional Review Board and adhered to the tenets of the Declaration of Helsinki. Seventy-five formalin-fixed and paraffin-embedded corneal specimens originating from the years 2001 to 2003 were selected from the archives of the Wilmer Eye Pathology Service. These included corneal buttons after penetrating keratoplasty in FECD (n = 55) or keratoconus (KC) patients (n = 5) and whole autopsy globes (n = 15). Individual demographic and histological donor information was recorded from pathology reports (summarized in Table 1 ). Selection criteria for corneal specimens were the unequivocal histopathological diagnoses of FECD or KC and, for autopsy eyes, the presence of an unremarkable cornea and no history of corneal disease. Thirteen formalin-fixed and paraffin-embedded nonocular control specimens (brain, urinary bladder, thyroid, liver, kidney, tonsil, placenta, skin, testis, myometrium, lung, and breast) were obtained from the Johns Hopkins Hospital Autopsy Service.
Hematoxylin and eosin-stained tissue sections were used to evaluate the individual tissue quality of each block. We excluded specimens with gross microscopic abnormalities. We also excluded FECD specimens with an endothelial cell count of less than 3 nuclei per high-power field to keep a significant number of evaluable endothelial cells on each core.
Tissue Microarray
A TMA was generated by the Johns Hopkins TMA Facility as previously described. 15 Beforehand, an electronic sample map containing the pertinent information for each core was created using the TMAJ software (The Johns Hopkins University, Baltimore, MD; http://tmaj.pathology.jhmi.edu/). The TMA included an array of 13 · 16 (height · width) 1-mm-diameter cores with a 0.3-mm interspace (Fig. 1 ). The corneal/autopsy donor blocks mentioned above were represented by triplicate adjacent cores from the corneal center, respectively. One core from each nonocular control tissue was included ( Fig. 1 ).
Immunohistochemistry for p21
Four-to 5-mm TMA sections were preheated at 65°C for 60 minutes before deparaffinizing and hydrating in xylene and graded ethanol. Slides were placed in distilled H 2 O (dH 2 O) with 0.1% Tween-20 detergent for 1 minute. Heat-mediated antigen retrieval was performed for 50 minutes in Target Retrieval Solution (DAKO, Carpinteria, CA). Cooled sections were permeabilized in Tris-buffered saline with Tween for 5 minutes and blocked with dual enzyme block solution (DAKO) for 10 minutes. Mouse anti-human p21 IgG (Clone 6B6; BD Biosciences, Franklin Lakes, NJ) was applied at a concentration of 1:50 at 4°C overnight and detected by application of Power Vision poly-HRP anti-mouse IgG reagent (Leica Microsystems, Buffalo Grove, IL) for 30 minutes and developing in filtered diaminobenzidine (DAB) chromogen solution (Sigma Fast DAB tablet set; Sigma, St Louis, MO). Nuclei were counterstained briefly (1:5 Mayers hematoxylin in dH 2 O; DAKO). After dehydrating in reversed ethanol gradients and xylene, sections were coverslipped using permanent mounting medium (Vector Laboratories, Burlingame, CA).
Immunohistochemistry for p16
Four-to 5-mm TMA sections were preheated at 65°C for 60 minutes. Immunohistochemistry, including deparaffinization, blocking steps and antigen retrieval, was performed on a Benchmark XT automated tissue staining system (Ventana Medical Systems, Inc, Tucson, AZ) according to standardized autostainer protocols. A monoclonal mouse anti-p16 antibody (clone E6H4, prediluted; MTM Laboratories, Heidelberg, Germany) was used as the primary antibody. Tissue-bound antibody was detected using the iVIEW DAB Detection Kit (Ventana Medical Systems).
TMAJ Software-Guided Analysis of Stained TMA Sections
Stained TMA tissue sections (p21, p16; hematoxylin and eosin) were scanned using a ScanScope CS (Aperio, Vista, CA) with a magnification of ·200. TMALab in Aperio's Spectrum software (Aperio) was used to subdivide the image of the entire TMA section by an electronic raster into 208 individual images of single-tissue cores. Individual images were uploaded into the TMAJ software and served as a roadmap for the evaluation of immunohistochemical TMA stains. Immunostained TMA sections were evaluated by light microscopy using an ·80 objective and a modified scoring system previously used by Bhutto et al, 17 taking into account the nuclear staining for p21 and the nuclear and cytoplasmic staining for p16. A score was assigned to each core according to its endothelial staining intensity and expression pattern as follows: (8) uniformly intense, (7) patchy and intense, (6) uniform and moderate, (5) patchy and moderate, (4) uniform and weak, (3) patchy and weak, (2) uniform and very weak, (1) patchy and very weak, and (0) no reactivity. The mean score was calculated for each donor specimen and for the FECD, KC, and autopsy groups, respectively. Tissue sections with less than 4 evaluable CECs were excluded from the analysis.
Validation of p21 and p16 Stainings
For validation of immunohistochemical stainings for p21 and p16 in TMA sections, 4-mm-thick whole tissue sections were taken from formalin-fixed and paraffin-embedded FECD corneas (n = 5) or autopsy eyes with normal corneas (n = 5) from age-matched donors ( Table 1) . Immunohistochemistry and scoring of the stained sections was performed as described above.
Statistics
PRISM4 software (GraphPad Software, La Jolla, CA) was used for statistical analyses of all data applying the Mann-Whitney test. P , 0.05 was considered statistically significant.
RESULTS
Specificity of Antibodies
On the TMA sections, a specific positive reaction could be detected in noncorneal positive control cores for both the anti-p21 antibody (in epithelium of urinary bladder tissue; Fig. 2 ) and the anti-p16 antibody (in cortical tubular cells of kidney tissue; Fig. 3 ). The p21 antibody showed primarily a nuclear reactivity, whereas a nuclear and cytoplasmic reaction was found for the p16 antibody ( Figs. 2 and 3 ).
P21 Expression in Corneal Tissue
Fifty-three of 65 donor specimens (81.5%; FECD 39, KC 5, autopsy 9) that were represented on the TMA could be informatively evaluated. The most common reason for a nonanalyzable tissue sample was the partial or total absence of the core section after the staining procedure. The mean values (6SEM) of the number of evaluable cores per primary individual donor block were 1.9 6 0.1 (FECD), 1.2 6 0.2 (KC), and 2.3 6 0.3 (autopsy), respectively. The sex ratios (female to male) of the evaluable donor specimens from the 3 groups were 26:13 (FECD), 3:2 (KC) and 4:5 (autopsy), respectively. The mean (6SEM) age of the evaluable specimens from each group was 68.5 6 1.3 years (FECD), 58.6 6 8.6 years (KC), and 62.2 6 2.6 years (autopsy), respectively.
The mean (6SEM) p21 scores according to the scoring system by Bhutto et al 17 were 2.6 6 0.4 (FECD), 1.1 6 0.6 (KC), and 0.7 6 0.3 (autopsy), respectively. The FECD group showed a statistically significant difference compared with autopsy controls (P = 0.042, Fig. 2 ) and with the combined group of KC and autopsy samples (P = 0.01, Fig. 2 ). According to the scoring system, "patchy" staining patterns received an odd score (1, 3, 5, 7) and "uniform" expression patterns received an even one (2, 4, 6, 8) . Thus, the scatter plot in Figure 2 indicates that positive nuclear p21 staining in FECD and corneal control cores occurred generally not in a uniform distribution but rather in a "patchy" manner and in individual cells. Furthermore, staining intensities varied from cell to cell. Most FECD cores were scored as "patchy/intense" (7) , "patchy/weak" (3), or "negative" (0). Cores from all corneal control cases with one exception from the autopsy group were scored as "patchy/weak" (3), "patchy/very weak"(1), or negative" (0) (Fig. 2) . 
P16 Expression in Corneal Tissue
Forty-nine of 65 primary donor specimens (75.4%; FECD 36, KC 4, autopsy 9) could be informatively evaluated. The mean (6SEM) evaluable cores per donor specimen were 1.7 6 0.1 (FECD), 1.3 6 0.3 (KC), and 2.0 6 0.3 (autopsy). Again, the majority of nonevaluable cores was because of the partial or complete absence of the tissue sections after the staining procedure. Sex ratios (female to male) of the evaluable donor specimen within each group were 23:13 (FECD), 2:2 (KC), and 4:5 (autopsy). The mean (6SEM) ages were 69.1 6 1.4 years (FECD), 53.3 6 8.7 years (KC), and 62.2 6 2.6 years (autopsy), respectively. The mean (6SEM) p16 scores were 3.5 6 0.4 (FECD), 1.5 6 1.0 (KC), and 3.6 6 0.6 (autopsy), respectively. There was no statistically significant difference between these 3 groups (P . 0.05, Fig. 3 ). The scatter plot in Figure 3 demonstrates that a high variability of staining intensities for p16 was found among the FECD cores. FECD cores, if not considered negative, showed a patchy endothelial staining (as indicated by odd scores on FIGURE 2. Immunohistochemical staining of p21 protein on TMA section. A, Microscopic image of corneal endothelium from FECD, KC, and ocular autopsy specimens (original magnification ·200). Nuclear p21 expression was found in scattered endothelial cells of FECD corneas (marked by closed triangles). Bottom image shows nonocular positive control tissue (urinary bladder epithelium). B, Endothelial p21 expression was scored using a modified scoring system previously described by Bhutto et al. 17 The bar graph depicts mean values 6 SEM (*P , 0.05). C, Scatter plot indicating the individual score for each evaluable core on the TMA. Immunohistochemical staining of p16 protein on TMA section. A, Microscopic image of corneal endothelium from FECD, KC, and ocular autopsy specimens (original magnification ·200). Scattered endothelial cells of several FECD specimens showed p16 expression (marked by closed triangles). P16 expression among endothelial cells from KC and autopsy corneas was fainter, although more uniform. Bottom image shows nonocular positive control tissue (kidney). B, Endothelial p16 expression was scored using a modified scoring system previously described by Bhutto et al. 17 The bar diagram depicts mean values 6 SEM. C, Scatter plot of the individual scores for each evaluable core on TMA.
scatter plot) with negative CECs in between the stained cells (Fig. 3) . The staining intensity usually exhibited some variation among the positive cells. Uniform (as indicated by even scores on scatter plot), although generally weak or very weak, p16 distribution was found in all positive corneal control cores (Fig. 3 ).
Validation of Tissue Microarray Results
The mean (6SEM) endothelial p21 scores on evaluable tissue sections were 5.4 6 1.0 in FECD corneas and 0.3 6 0.3 in autopsy eyes, indicating a statistically significant difference between both groups (P = 0.018, Fig. 4 ). As on the TMA sections, staining intensity showed some variability among the individual positive endothelial nuclei (Fig. 4) .
The mean scores for p16 on whole tissue sections were 5.8 6 0.5 in FECD corneas and 3.6 6 0.4 in autopsy eyes. The difference between both groups was found to be statistically significant (P = 0.004). As in the TMA sections, microscopic imaging showed patchy endothelial p16 expression of individual cells in FECD endothelium, whereas uniform weaker endothelial p16 positivity was detected in CECs of normal corneas (Fig. 4 ).
DISCUSSION
Although CECs do not normally divide in vivo they may retain their ability to undergo mitosis and can be propagated in vitro. 18 It was found that CECs especially from the corneal center of old donors are prone to have a reduced proliferative capacity. 19 This finding was attributed to increased levels of oxidative stress and DNA damage causing SIPS. 12, 13, 19 SIPS is a condition of permanent cell cycle arrest that is independent of proliferation-associated telomere shortening and may be caused by various forms of cellular stress in proliferating cells. 2 Two key molecular factors of senescence are the CDKI molecules p21 and p16. Recent studies demonstrated that cellular stress plays a central role in the pathogenesis of FECD. [4] [5] [6] [7] [8] This suggests that SIPS of CECs may also occur in FECD.
TMAs facilitate the implementation of high-throughput histological investigations in tissue samples. In the present study, we generated a TMA to investigate the differential expression of CDKIs p21 and p16 in the endothelium of a definitive number of FECD patients.
P21 is a CDKI of the CIP/KIP family. 20 It inhibits cyclin/cyclin-dependent kinase complexes, leading to maintained hypophosphorylation of retinoblastoma protein. 21 This results in reduced release of E2F, a key regulator of the G1/S phase transition. 22 P21 plays a role in senescence of CECs: It was found to be transcriptionally increased in CECs undergoing replicative senescence and at the protein level in CECs cultured from old donors. 23, 24 The results of the present study demonstrate in a large number of specimens that enhanced nuclear p21 expression can be found in the endothelium of FECD corneas. A study by Azizi et al 25 recently demonstrated that p53 protein is increased in the endothelium of FECD corneas. P53 leads to p21 production and is a major common regulator of both apoptosis and senescence. 26 P16 is a CDKI of the INK4 family. 27 In a similar fashion to p21, it maintains retinoblastoma protein in a hypophosphorylated state by the formation of binary complexes with CDK4 and CDK6. 27 It was previously shown that p16 messenger RNA is increased in both cultured human CECs at high passages and donor corneas from old donors and that it was elevated at the protein level in cultured CECs from old donors. 23, 24, 28 In our study, intense p16 reactivity in individual scattered CECs among p16-negative CECs was a common finding on the stained FECD TMA core sections (Fig. 3 ). This stood in strong contrast to the uniform, generally weak endothelial p16 expression in most of the control corneas (Fig. 3) . The analysis of whole tissue sections enabled us to verify these qualitative differences and, furthermore, demonstrated a statistically significant endothelial overexpression in FECD corneas (Fig. 4) .
Corneas, with an approximate thickness of 500 mm, are relatively small for the production of TMAs. However, TMAs of small tissue samples, like needle biopsies, have been described before. 29 A corneal cross-section can be well captured by a core diameter of 1 mm and the validation of our results for endothelial p21 expression in whole corneal tissue sections from independent samples demonstrated good reproducibility of the results obtained on the TMA. TMA analysis of p16 expression allowed for the detection of a qualitative difference between FECD specimens and controls. However, additional assessment of whole tissue sections was needed to prove a statistically significant quantitative difference based on the applied scoring system. Thus, in some cases, larger amounts of tissue per specimen may be needed for the detection of quantitative differences occurring in relatively few individual cells. For CECs, this may be achieved by investigating multiple nonoverlapping TMA sections, whole tissue sections, or endothelial flat mounts.
We conclude that the TMA technique is a valuable tool for the high-throughput analysis of corneal specimens. The use of TMAs provides the advantages of a well-standardized tissue, time, and cost-saving approach as compared with the previous method of immunohistochemical examination of individual slides or flat mounts, where each separate specimen needs to be prepared, stained, and evaluated. 30 Its application for other ocular diseases should be considered. Our analyses in a large FECD patient population demonstrate increased endothelial levels of nuclear p21 and p16 proteins, supporting the involvement of cellular senescence in the pathogenesis of FECD.
